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Mutations were introduced into four genes encoded by RNA2 of pea early browning virus (PEBV) to determine their
possible involvement in the transmission of this virus by nematodes. Deletion of 28 amino acids from the C-terminus of the
coat protein abolished the formation of virus particles. Deletion of 15 amino acids at the C-terminus did not affect particle
formation but did abolish nematode transmission. In contrast, deletion of 13 amino acids immediately preceding the 16 C-
terminal residues did not affect particle formation and decreased rather than abolished nematode transmission. A deletion
in the gene encoding a 29-kDa protein and a frameshift mutation in the gene encoding a 23-kDa protein both abolished
transmission without affecting virus particle formation. Mutations in an ORF encoding a 9-kDa protein, which is located on
the genome between the coat protein gene and 29K gene, gave conflicting results. Removal of the AUG initiation codon
from the 9K ORF had no effect on transmission, whereas the introduction of a frameshift mutation, which would prematurely
terminate expression of the putative 9-kDa protein, decreased the frequency of transmission. The results show that the
coat protein and probably all three of the other RNA2-encoded proteins play a role in the transmission of PEBV by vector
nematodes. q 1996 Academic Press, Inc.
INTRODUCTION binations of RNA1 and RNA2 from a transmissible isolate
of the PRN-serotype and a non-nematode-transmissible,
Pea early browning virus (PEBV) is a member of the
non-PRN-serotype isolate. Only virus containing RNA2,
tobravirus group, which also includes tobacco rattle virus
which encodes the coat protein (CP), from the PRN-sero-
(TRV) and pepper ringspot virus (PRV). All of these viruses
type isolate was transmitted by P.pachydermus nema-
have a bipartite, single-stranded, positive-sense RNA ge-
todes (Ploeg et al., 1993).
nome which is encapsidated in rod-shaped particles
The larger genomic RNA (RNA1) of PEBV and of TRV
(Harrison and Robinson, 1986). The tobraviruses are one
has been sequenced and in both viruses has been found
of only two groups of plant viruses which are transmitted
to encode proteins involved in virus replication and cell-
in nature from plant to plant by root-feeding nematodes.
to-cell movement (MacFarlane et al., 1989; Hamilton et
Attempts to reduce the damage caused by these viruses
al., 1987). The smaller genomic RNA (RNA2) of tobravi-
to commercial crops requires a detailed understanding
ruses, particularly of TRV, is much more variable in size
of the transmission mechanism. Tobraviruses infect a
and coding capacity. The genome diversity of TRV has
wide range of plant species including many common
arisen in two ways. The propagation of TRV by mechani-
weeds, which act as a reservoir of infection that is moved cal inoculation can result in the spontaneous deletion of
into cultivated fields by the vector nematodes. Addition- parts of RNA2 (Harrison and Woods, 1966), and in plants
ally the virus can remain viable inside the nematode mixedly infected with TRV and PEBV recombination can
mouthparts for as long as 3 years (van Hoof, 1970), thus lead to the insertion of PEBV RNA2 sequences into TRV
overcoming crop rotation regimes which include the RNA2 (Robinson et al., 1987; Robinson, 1994).
planting of nonhost species. Thus far the study of nema- RNA2 of the two isolates of PEBV that have been stud-
tode transmission of tobraviruses has been largely de- ied have almost identical sequences, both encoding the
scriptive. One outcome of this work has been the finding virus CP and three other proteins with molecular weights
that the interaction between nematode and virus can of 9, 29.6, and 23 kDa (Goulden et al., 1990; MacFarlane
be highly specific such that one particular species of and Brown, 1995). PRV has the smallest RNA2 (Bergh et
nematode, Paratrichodorus pachydermus, was shown to al., 1985), and as with TRV isolate PSG (Cornelissen et
transmit viruses restricted to one serotype (PRN) of TRV al., 1986), encodes only the CP. Of the three other TRV
(Ploeg et al., 1992). Serotype specificity was further dem- isolates sequenced so far, one (PPK20) encodes the CP
onstrated by the production and transmission testing of and two other proteins (29.4 and 32.8 kDa) (Hernandez
pseudorecombinant viruses containing all possible com- et al., 1995); isolate TCM encodes the CP, a 29.1-kDa
protein, and a duplicate of one of the RNA1-encoded
proteins (16 kDa) (Angenent et al., 1986); and isolate PLB1 To whom reprint requests should be addressed.
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encodes the CP and a duplicate of the 16-kDa protein had been introduced and was used to replace the same
region in pT72A56. Oligonucleotide 161 (5*GAAAAATTC-(Angenent et al., 1989). However, of these virus isolates
only PEBV TPA56 and TRV PPK20 have been demon- AAGTTGGTATGGGCATGAATTATTAC3*) was used to re-
move nucleotides 1059–1142 from the CP gene, oligonu-strated to be transmissible by nematodes. These two
isolates contain the two longest RNA2 molecules and, cleotide 162 (5*CAAGTTGGTATGGACTGTTCCCGCT3*)
was used to remove nucleotides 1059–1097 from the CPconsequently, encode the greater number of nonstructu-
ral proteins, suggesting the possibility that nematode gene, oligonucleotide 163 (5*GTTACTGGACCCGCATGA-
ATTATTAC3*) was used to remove nucleotides 1098–transmission requires the involvement of several virus-
encoded proteins. Replacement of the coat protein gene 1142 from the CP gene, and oligonucleotide 182 (5*AAG-
ACCTCGAGAGTGGAGTGG3*) was used to replace theof the nontransmissible SP5 isolate of PEBV with that of
the transmissible PPK20 isolate of TRV permitted virion 9K ORF initiation codon with CTC and at the same time
create a novel XhoI site.formation but did not restore transmissibility to PEBV
(MacFarlane et al., 1994, 1995), suggesting the require-
In vitro transcriptionment for other virus genes in the transmission process.
Sequence comparison of transmissible and nontransmis- Clones pT7FL3 and pT72A56 and the mutant deriva-
sible isolates of PEBV suggested the involvement of the tives of pT72A56 were linearized by digestion with SmaI,
RNA2-encoded 29.6-kDa protein (MacFarlane and which cuts immediately 3* of the viral sequence. Tran-
Brown, 1995). This protein is known to be expressed in scripts were synthesized using a commercial kit (Ambion,
the leaves of PEBV-infected plants (Johnsen et al., 1991) Inc.) according to the manufacturer’s instructions, except
but there are no other data as to its function. Similarly, that the GTP concentration was reduced by 50% and
there are no data for the 9- and 23-kDa proteins of PEBV supplemented with an equal amount of G(5*)ppp(5*)GTP
or for any of the nonstructural, RNA2-encoded proteins (Pharmacia). Transcripts were precipitated with an equal
of TRV. This paper describes the first experiments de- volume of 5 M ammonium acetate, resuspended in dis-
signed to determine which of the various gene products tilled water, and inoculated onto Nicotiana benthamiana
encoded by RNA2 of PEBV TPA56 are involved in the using 10 mg each of RNA1 and RNA2 per plant as de-
transmission of this tobravirus by nematodes. scribed before (MacFarlane et al., 1991).
MATERIALS AND METHODS Detection of virus in infected plants
cDNA clones Total RNA was isolated from leaf discs (Verwoerd et
al., 1989) taken from systemically infected leaves of tran-The plasmids pT7FL3 and pT72, which carry full-length
script-inoculated plants at 10 to 14 days postinoculationcDNAs of RNA1 and RNA2, respectively, of the non-nem-
(dpi). Viral RNAs were detected by autoradiography fol-atode-transmissible SP5 isolate of PEBV, inserted imme-
lowing electrophoresis through denaturing agarose gelsdiately downstream of a T7 RNA polymerase promoter
and hybridization with 32P-labeled, virus-specific probes(MacFarlane et al., 1991), and pFLA56, which carries a
derived from clones pT7FL3 and pT72A56 (MacFarlanefull-length cDNA of RNA2 of the transmissible TPA56
et al., 1991). The presence of virus particles in the rootsisolate of PEBV, cloned between the cauliflower mosaic
of infected plants was determined by immunosorbentvirus 35S promoter and nopaline synthase terminator
electron microscopy (ISEM) as described before by Rob-(MacFarlane and Brown, 1995), have been described be-
erts et al. (1984). Total soluble protein was extracted fromfore. The work described in this paper was carried out
systemically infected leaves at 6 dpi with 1 ml/g 30 mMusing plasmid pT72A56, which contains a full-length
NaPO4 , pH 7.0, using a Polla¨hne roller press and clarifiedcDNA of PEBV isolate TPA56 downstream of a T7 pro-
by centrifugation at 13,000 g for 10 min. Samples con-moter and was constructed by replacing the HindIII –
taining 100 mg of protein were denatured, separated bySmaI fragment (nucleotides 14 to 3374 in the viral se-
SDS–PAGE in 12.5% polyacrylamide gels, and trans-quence) from pT72 with the same region from pFLA56.
ferred to nitrocellulose. Virus coat protein was detectedDeletions in pT72A56 between existing restriction sites
using a rabbit polyclonal antiserum (from the SCRI collec-and frameshift mutagenesis by Klenow treatment of re-
tion) raised against whole virus. The viral 29-kDa proteinstricted DNA was carried out using standard procedures.
was detected using a rabbit polyclonal antiserum raisedAll mutations were confirmed by restriction mapping and
against protein expressed in bacteria (generously pro-sequencing. Deletion of parts of the coat protein carboxy-
vided by B. Borkhardt, Danish Research Service for Plantterminal domain and replacement of the 9K ORF initiation
and Soil Science, Lyngby; Johnsen et al., 1991).codon were achieved by oligonucleotide-directed muta-
genesis (Michael, 1994). After mutagenesis, the region
Nematode transmission tests
containing the mutations, between an NheI and a SalI
restriction site (nucleotides 961 and 1413, respectively), Trichodorid nematodes cannot be propagated in
glasshouse culture and are extracted from soil immedi-was sequenced to confirm that no additional mutations
AID VY 7903 / 6a16$$$101 04-22-96 17:52:47 vira AP: Virology
419PEBV TRANSMISSION
ments and wild-type virus was included in every experi-
ment as a positive control.
Analysis of transmitted virus
Total RNA extracts from infected source and bait plants
were subjected to reverse transcriptase (RT)–PCR using
primers complementary to different regions of the virus
genome. Viral RNA from the source plants (one sample
of each mutant) and the bait plants (one sample from
every plant containing transmitted virus) was amplified
by RT–PCR and checked by restriction enzyme digestion
(source plant samples) or both restriction mapping (all
bait plant samples) and sequencing (bait plant samples,
except 9ATG).
RESULTS AND DISCUSSION
Replication and intraplant movement of RNA2
FIG. 1. Genome structure of wild-type (WT) and nine mutants of PEBV mutants
RNA2. Open reading frames are denoted by open boxes. CP is the
coat protein. 9K, 29K, and 23K are the approximate molecular weights Mutations were introduced into all of the viral open
(K, kDa) of the gene products. The construction of each mutation is reading frames, at different locations throughout PEBV
shown to the left. The numbers indicate nucleotide positions and D RNA2 (Fig. 1). Before transmission testing, each of the
denotes a deletion between the indicated bases. Portions of the ge-
mutants was examined for replication, encapsidation,nome that are deleted are highlighted as black boxes. Asterisks mark
and movement in the systemic host N. benthamiana.the positions of frameshift mutations. Restriction sites shown are BstBI
(Bst), EcoRI (Eco), BglII (Bgl), AflIII (Afl), and PflMI (Pfl). Mutant names Northern blotting of total plant RNA showed that, with
are at the right. the exception of CP3, both wild-type and mutant virus
RNAs were present at similar levels in the systemically
infected leaves of inoculated plants (Fig. 2). Virus parti-
ately prior to use (Brown and Boag, 1988). Thus, these cles were readily detected by ISEM in the roots of N.
experiments used nematodes extracted from soil col- benthamiana plants inoculated with either wild-type or
lected from Woodhill, Scotland, containing a mixture of mutant transcripts showing that downward movement of
nonviruliferous Trichodorus primitivus and P. pachy- the mutants in the infected plant was also unaffected
dermus (Ploeg et al., 1992). In previous studies using this (data not shown). In addition, root extracts of infected
population of nematodes, T. primitivus transmitted PEBV source plants produced similar numbers of local lesions
TPA56 and P. pachydermus did not transmit this virus or when inoculated onto C. amaranticolor indicator plants
interfere with its transmission by T. primitivus (MacFar- confirming that none of the mutants was affected for virus
lane and Brown, 1995). Leaves of transcript-inoculated replication except for mutant CP3, which was deleted for
plants, shown by ISEM to contain virus particles in their the entire C-terminal domain of the CP, did not form virus
roots, were macerated with tap water in a homogenizer
and inoculated onto N. clevelandii plants. These source
plants were cultivated in pots containing 60–80 nonviru-
liferous nematodes for 4 weeks. Subsequently the nema-
todes were extracted from the soil and transferred to
pots containing healthy N. clevelandii bait plants. After 4
weeks the nematodes were extracted from the soil and
counted, and the roots of the bait plants were washed
free of contaminating soil and nematodes, macerated
with tap water, and inoculated onto the leaves of N. ben-
thamiana and Chenopodium amaranticolor plants. Le-
sions developing on the leaves of the C. amaranticolor
plants indicated the presence of nematode-transmitted
FIG. 2. Northern blot of WT and mutant PEBV RNAs in systemicallyvirus in the bait plants. Samples taken from the N. ben-
infected leaves of N. benthamiana. Each lane contains 12.5 mg of total
thamiana plants were used to confirm the identity of the plant RNA. The source of RNA is indicated above each lane. Positions
transmitted virus. Each mutant, except 9ATG (Fig. 1), was of WT RNAs 1 and 2 and RNA DBE are indicated by arrows on the
right.tested for transmission in at least two separate experi-
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TABLE 1particles, and could not be detected by Northern blotting
in inoculated plants. Effect of Mutations in PEBV TPA56 RNA2 on Virus Transmission
by Trichodorus primitivus Nematodesa
Transmission by nematodes of coat protein mutants
Number of bait plants
infected by nematode-The coat proteins of the tobraviruses have many simi-
transmitted virus
larities with the coat protein of tobacco mosaic virus
(TMV) (Goulden et al., 1992), for which the 3-D structure Experiment Per
Virus No. experiment Totalhas been determined (Pattanayek and Stubbs, 1992).
Two regions of dissimilarity are most obviously apparent.
WT 1 10/10One is located in the middle part of the protein, and
2 9/10
from examination of the 3-D structural model would be 3 7/10 26/30
positioned in the central canal of the assembled virus CP1 1 2/9
2 3/9particle. The second region is located at the C-terminus
3 0/10 5/28of the coat protein immediately following a tryptophan
CP2 1 0/8residue (position 183) that is highly conserved in this
2 0/9
position in tobra- and tobamoviruses, such as TMV. Epi- 3 0/10 0/27
tope mapping (Legorburu et al., 1995) and NMR analysis 9ATG 1 12/12 12/12
9FS 1 1/8(Brierley et al., 1993; Mayo et al., 1993) of this region
2 1/10 2/18from, respectively, TRV and PRV have shown that it is
DBE 1 0/9exposed on the surface of the virus particle and has a
2 0/10 0/19
high mobility. These features make the C-terminal flexi- 29D 1 0/8
ble domain of the coat protein an attractive candidate to 2 0/8 0/16
23FS 1 0/10interact with other proteins, either viral, plant, or nema-
2 0/7tode-derived, and, thus, this region might be involved in
3 0/10 0/27the transmission process.
23D 1 1/10
Three mutations were created in this region of the coat 2 0/7
protein gene. Mutant CP1 was deleted from nucleotides 3 0/10 1/27
1059–1097 and should produce a coat protein lacking
a Mixed population of T. primitivus and P. pachydermus (2:1 ratio).13 amino acids from the beginning of the 29-amino-acid
flexible CP domain. Mutant CP2 was deleted for nucleo-
tides 1098–1142 and should lack 15 amino acids from
whose coat protein is truncated at a threonine residuethe distal part of the C-terminal CP flexible domain. Mu-
immediately following the conserved tryptophan, wastant CP3 was deleted for nucleotides 1059–1142 and
able to assemble into virions (Saito et al., 1989).should lack the entire C-terminal domain but retain the
highly conserved tryptophan residue at position 183 pre- The 9-kDa protein mutants
ceding the domain and the C-terminal alanine.
Mutant CP1 was transmitted with reduced frequency Two mutations were introduced into the 9K ORF. Mu-
tant 9ATG had the initiation codon (AUG) exchanged for(5 bait plants of 28 became infected), and the mainte-
nance of the correct deletion was confirmed by sequenc- a CUC triplet, and mutant 9FS had a frameshift created
by filling in a BstBI site at nucleotide 1377 and, thus,ing (Table 1). This shows that residues in the first 13
amino acids of the CP flexible domain are not essential introducing a premature stop codon at nucleotide 1392.
The two mutations introduced into the 9K ORF have differ-for transmission but have some effect on the process.
This part of the CP includes a string of glutamine resi- ent effects on transmission; mutant 9ATG was transmit-
ted with the same frequency as wild-type virus (Table 1),dues which resembles the arrangement seen in the bac-
terial interdomain Q-linker (Wootton and Drummond, whereas mutant 9FS was transmitted with low frequency
(2 of 18 plants). The 9K ORF contains no internal AUG1989). Mutant CP2 was not transmitted, showing that
the terminal part of the flexible domain is essential for codons and removal of the 5*-terminal initiation codon
should abolish translation of this ORF. Thus, the data fortransmission and suggesting the possibility that this ex-
posed region might directly interact with (an)other virus- mutant 9ATG suggest that this ORF is not involved in
transmission. By contrast, with mutant 9FS, prematureor vector-derived transmission protein(s).
With mutant CP3 we were unable to detect virus parti- termination of the 9K ORF reduced the efficiency of trans-
mission. Analysis of the codon usage in the 9K ORFcles in either leaves or roots of plants inoculated with
this mutant, which suggests that some part of the C- suggested that it was not translated in vivo (Goulden et
al., 1990), an observation which would explain the appar-terminal domain is involved in virion assembly. This con-
trasts with TMV where a mutant (D153) of the L strain, ent lack of effect of the 9ATG mutation. The 9K ORF is
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translation), and the absence of a similar, in-frame ORF
downstream of the CP gene of the nematode-transmissi-
ble PPK20 isolate of TRV (Hernandez et al., 1995).
The 29-kDa protein mutant
Two mutations were made which affected the 29-kDa
protein. Mutant DBE was deleted for nucleotides 1381–
2875 between the BstBI and the EcoRI restriction sites
and, thus, lacked the 3* part of the 9K gene and all of
the 29K and 23K genes. Mutant 29D was deleted be-
tween the BglII sites at nucleotides 1723 and 1837 re-
sulting in an in-frame deletion of 38 amino acids from
the central region of the 29-kDa protein. Mutant DBE
was not transmitted (Table 1), confirming previous results
showing that the CP alone was not sufficient to permit
transmission (MacFarlane et al., 1995). Mutant 29D was
also not transmitted, corroborating the earlier sequenc-
ing experiments that linked the nontransmission of the
SP5 isolate of PEBV with one or both of two mutations
FIG. 3. Western blot of total protein extracted from leaves of N. which alter the amino acid sequence of the 29-kDa pro-
benthamiana infected with wild-type and mutant PEBV. (A) Probed with tein (MacFarlane and Brown, 1995). For reasons un-
polyclonal antiserum raised against virus particles. (B) Probed with
known, the internally deleted protein was not detectedantiserum against the 29-kDa protein. Lane 1 is mock-inoculated tissue,
by Western blotting (Fig. 3).lane 2 is mutant 29D, lane 3 is mutant 9FS, lane 4 is mutant 9ATG,
and lane 5 is wild-type virus. The molecular weights (in kDa) of the
protein standards (Bio-Rad) are indicated at the left. The positions of The 23-kDa protein mutants
the coat protein and 29-kDa protein are indicated at the right. The c.
Mutant 23FS had a frameshift created at nucleotide60-kDa host protein which cross-reacts with the anti-29K serum was
reported previously (Johnsen et al., 1991). 2584 by filling in an AflIII site and would express the 23-
kDa protein terminated prematurely at position 2660 and
with an altered 27-amino-acid C-terminus. Mutant 23D
located immediately upstream of the 29K ORF and might was deleted between the PflMI and the AflIII sites at
possibly overlap promoter sequences that are necessary nucleotides 2517 and 2579, resulting in an in-frame dele-
for expression of the 29-kDa protein. tion of 21 amino acids from the central region of the
To ascertain whether mutations in the 9K ORF affect 23-kDa protein. Mutant 23FS was not transmitted, thus
the expression of the 29K ORF, protein extracts of N. implicating this protein in transmission (Table 1). Simi-
benthamiana leaves systemically infected with wild-type larly, mutant 23D was transmitted to only 1 of 27 plants,
virus or mutants 9ATG, 9FS, or 29D (see below) were suggesting that the small internal deletion in the 23-kDa
probed with antibodies raised against the 29-kDa protein protein dramatically reduces its activity without leading
(Fig. 3). Both of the mutants 9ATG and 9FS expressed to a complete loss of function.
full-length 29-kDa protein in similar amounts to the wild- The results of the mutagenic study described in this
type virus, although the time course of expression and paper show that the transmission of PEBV by nematodes
the expression of the protein in roots was not tested. is much more complicated than was previously thought,
As an alternative explanation, the 9K ORF is located 45 and that alteration of any of the four ORFs on RNA2
nucleotides downstream of the CP gene and is in the affects transmission to some extent.
same reading frame. If this ORF were to be expressed
by readthrough translation of the CP gene, then alteration ACKNOWLEDGMENTS
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